Aerosol particles affect the Earth's energy balance by absorbing and scattering radiation according to their chemical composition, size, and shape. It is generally believed that their optical properties could be deduced from the molecular composition of the complex organic matter contained in these particles, a goal pursued by many groups via high-resolution mass spectrometry, although: (1) absorptivity is associated with structural chromophores rather than with molecular formulas, (2) compositional space is a small projection of structural space, and (3) mixtures of polar polyfunctional species usually exhibit supramolecular interactions. Here we report a suite of experiments showing that the photolysis of aqueous pyruvic acid (a proxy for aerosol R-dicarbonyls absorbing at λ > 300 nm) generates mixtures of identifiable aliphatic polyfunctional oligomers that develop absorptions in the visible upon standing in the dark. These absorptions and their induced fluorescence emissions can be repeatedly bleached and retrieved without carbon loss or ostensible changes in the electrospray mass spectra of the corresponding mixtures and display unambiguous signatures of supramolecular effects. The nonlinear additivity of the properties of the components of these mixtures supports the notion that full structural speciation is insufficient and possibly unnecessary for understanding the optical properties of aerosol particles and their responses to changing ambient conditions.
Introduction
Unraveling the physical basis of climate change has become a pressing matter. 1, 2 Among the various natural and anthropogenic factors driving this change, the role of atmospheric aerosols is least understood. [3] [4] [5] Aerosol particles (APs) affect the Earth's energy balance directly by absorbing and scattering radiation 6, 7 and indirectly by altering the reflectance and persistence of clouds. [8] [9] [10] [11] [12] Direct effects depend on AP absorption coefficient σ(λ) and single scattering albedo ω 0 , 13 whereas indirect effects stem from their ability to nucleate water vapor.
14, 15 Current fourth-generation climate models 16 generally assume that aerosols are composites of chemically different particles rather than particles consisting of homogeneous mixtures. 17 Invoking external mixing reduces the computational cost of parametrizing AP optical properties and their dependence on meteorological variables such as relative humidity (RH) [18] [19] [20] [21] [22] but may be unrealistic. This is a key issue because more than half of AP mass usually consists of an internal mixture of watersoluble complex organic matter (OM). [23] [24] [25] [26] [27] [28] [29] Uncertainties in the radiation budget of the troposphere are dominated by our inability to model AP forcings, particularly those due to OM. 1, 16, [30] [31] [32] [33] [34] [35] A more realistic representation of the optical properties of aerosol OM 30,36-38 is one of the top priorities of later generation climate models. 16 The implicit premise guiding ongoing efforts is that σ(λ) is uniquely determined by the chemical constituents of OM. [39] [40] [41] This seemingly unassailable approach is being pursued by two presumably convergent methodologies that involve comprehensive chemical analysis, largely via ultra-high-resolution mass spectrometry (HR-MS) of natural OM, 39 and the OM produced in smog-chambers. 42 Mass spectra of these materials resemble those of natural humic substances (hence their alternative designation as humic-like substances, HULIS) 40 displaying a daunting variety of C x H y O z species in the 100-1500 Da range, most of which have not been structurally characterized. 41, [43] [44] [45] [46] [47] This reductionist approach to the optical properties of AP faces two essential limitations. 48 First, because σ(λ) is associated with chromophores and their couplings rather than with molecular formulas, the compositional space provided by HR-MS is only a small subset of the structural space that would be required to synthesize the optical properties of OM. 49 The number of constitutional C x H y O z isomers increases exponentially with mass, reaching ∼10 4 at ∼500 Da. 49 It is now realized that complex nonrepetitive systems, such as natural OM, can be operationally defined only by their properties rather than in terms of their intrinsically elusive chemical structures. [50] [51] [52] Second, and perhaps more crucially, even if complete structural speciation were achieved, the optical properties of mixtures of polar, polyfunctional molecules σ(λ) should not be expected, in general, to be linear superpositions of the optical properties of individual components σ i (λ), that is, σ(λ) * Σx i σ i (λ). Supramolecular noncovalent interactions of various types (hydrogen bonding, charge transfer, van der Waals, etc.) between polyfunctional chromophores are the norm rather than the exception. 48, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] It has been pointed out, after more than a century of research, that humic substances are best described as supramolecular associations of low-molecular-mass organic molecules and that their characterization should focus on properties arising from intermolecular interactions rather than on molecular composition. 48, 53 The nonadditivity of optical properties thus renders full speciation an insufficient basis for characterizing OM's σ(λ) or its dependences on RH, temperature, or insolation. 65 It is neither necessary because extreme chemical complexity ultimately implies that the same macrostates (e.g., optical properties) can be realized by a myriad of microstates (i.e., molecular formulas). 66 The sheer molecular complexity of OM, which accommodates almost any conceivable C x H y O z formula in the <1500 Da range, 67, 68 makes their mass spectra virtually indistinguishable from those of other complex materials likely having dissimilar optical properties. This circumstance opens up the possibility of gaining insight into the origin of OM optical properties from simpler model mixtures.
23,69-73
Herein we report kinetic, optical absorption, fluorescence, [74] [75] [76] [77] [78] [79] [80] [81] [82] and total organic carbon (TOC) measurements in a model system of tractable chemical complexity, 83 as monitored by direct infusion electrospray ionization mass spectrometry (ESI-MS). The objective of this article is to demonstrate the reality and environmental implications of the above phenomena by tracking the optical and chemical transformations of a simplified system subjected to the photochemical and thermal cycles experienced by atmospheric aerosols. Accordingly, this article does not attempt to reproduce the absorptivity of natural OM, partially because OM designates a class of related materials rather than a standard specimen and because other experimental variables, not considered herein, may significantly influence absolute σ(λ) values. 84 The evidence of supramolecular interactions provided by these experiments should preclude assigning observations to specific molecular structures. Remarkably, we find that molecular complexity is preserved even under intense insolation; that is, organic photochemistry in concentrated aqueous aerosol phases involves both molecular degradation and aggregation processes.
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Experimental Section
Aqueous pyruvic acid (PA, Aldrich 98% bidistilled at reduced pressure) solutions (3.5 mL) were photolyzed (typically for 4.5 h, under continuous air sparging, at 293 K) in silica cuvettes (1 cm optical path length) with light from a 1 kW high-pressure Xe-Hg lamp filtered through water (to remove infrared radiation) and a 305 nm long-pass filter (Oriel). Photolyzed solutions were analyzed immediately or subsequently aged in the dark in closed cuvettes maintained at constant temperature for variable periods. Some aged solutions were rephotolyzed while being sparged with air and otherwise reprocessed over similar cycles. UV-visible absorption spectra were recorded with a spectrophotometer (Agilent 8453) provided with a temperature-controlled cuvette holder (HP-89090A). Negative ion mass spectra of directly infused sample solutions (previously diluted with chromatographic grade methanol, Chromasolv, purity >99.9%) were acquired using a (0.1 Da resolution electrospray ionization mass spectrometer (Agilent 1100). TOC was determined with a TOC analyzer (Aurora 1030) calibrated with a potassium phthalate standard solution. Corrected excitation fluorescence spectra (i.e., directly comparable with UV absorption spectra) and uncorrected emission spectra were recorded in a luminescence spectrometer (Perkin-Elmer LS 50B) at 293 K, from which water Raman peaks were subtracted from all spectra using Milli-Q water as blank. Figure 1A shows UV-vis absorption spectra of 80 mM aqueous PA solutions before photolysis and after each of the following successive steps: (1) photolysis for 4.5 h under continuous air sparging, (2) thermal aging in the dark at 298 K for 15 h, or (3) thermal aging in the dark at 333 K for 72 h in closed cuvettes, and (4) 1:2 dilution of the mixture after step 3.
Results
(See Scheme S1 in the Supporting Information.) We recently found that the relatively weak visible absorptions that arise in this system are greatly magnified by the addition of inert electrolytes.
84 Figure 1B is a log-log plot that shows how absorbances A(λ) after step 3 decrease upon successive 1/f dilutions with water. It is apparent that Beer's law (the dashed line) is closely followed up to λ j 350 nm but not at longer wavelengths. This finding bears on current schemes for estimating σ(λ) of APs as functions of RH on the basis of the linear additivity of the volume fractions of their components.
16 Figure 2A shows how photolyzed mixtures held at 298 K (step 2 above) develop absorptions across the spectrum as a function of time. [89] [90] [91] Absorbances A(λ) increase as singleexponential growth functions only at the shortest wavelengths. This behavior, however, does not extend to the near-ultraviolet and visible regions: the moieties absorbing at longer wavelengths are produced with complex kinetics at increasingly slower rates. 89 Figure 2B shows the faster kinetics of color development upon thermal treatment at 333 K before and after a 1:2 dilution with water, which implicate a process having sizable activation energy. Figure 3A shows uncorrected fluorescence emission spectra of the solutions obtained after step 3 at excitation wavelengths spanning the range 290 e λ exc /nm e470. It is apparent that emission spectra remain bounded by a long-wavelength envelope. 36 The areas under fluorescence emission curves ∫ em (which are roughly proportional to fluorescence quantum yields Φ f ) peak at λ exc ≈ 350 nm ( Figure 3B ), whereas emission maxima wavelengths M λ em increase linearly with λ exc (inset to Figure 3B ). Figure 3C shows how ∫ em (λ exc ) values evolve by mere dilution with water. Notice that if our solutions contained independent fluorophores, ∫ em should decrease linearly with f at all λ exc (dashed line in Figure 3C ). Instead, ∫ em values decrease monotonically with f for λ exc J 300 nm (albeit not as expected), but emissions induced at shorter λ exc are dramatically enhanced by several orders of magnitude. These opposing dependences on f are strong evidence that the fluorophores excited at λ exc j 300 nm are intermolecularly coupled and partially transfer their excitation to acceptors emitting at longer wavelengths. Innerfilter effects could not fully account for these spectral effects or their magnitude. Figure 4A shows corrected fluorescence excitation spectra of these solutions, which represent the absorption spectra of the species emitting at λ em . Note that the most intense emissions are induced at λ exc ≈ 350 nm ( Figure 3B ), peak at λ em ≈ 430 nm (Figures 3A and Figure S2 in the Supporting Information), and comply with the reciprocity condition that the absorption spectrum of the species emitting at λ em ≈ 430 nm peaks at λ exc ≈ 350 nm ( Figure 4A ). Because absorption maxima for all λ em occur at λ exc < 360 nm ( Figure 4A ), excitations in the near-UV are transferred with variable efficiencies to a quasi-continuum of states emitting at longer wavelengths (up to λ em ≈ 650 nm). Figure 4C shows the dependence of ∫ exc as a function of dilution at various λ em . It is apparent that ∫ exc generally decreases with increasing dilution for λ em > 350 nm but increases for shorter wavelength emissions. The supramolecular aggregates underlying these phenomena apparently disassemble by mere dilution into smaller entities emitting at shorter wavelengths. Figure 5A shows how PA and TOC decrease in the initial photolysis stage. The difference between the two curves represents the net amount of PA converted into organic species that remain in solution. Figure 5B shows TOC measurements along the various treatments. It is apparent that the largest carbon losses occur in the initial photolysis stage 92 and that subsequent photolytic and thermal treatments induce reversible transformations among species in solution that are not accompanied by further CO 2 releases. Figure 6 shows ESI-MS of solutions after various stages (Scheme S1 in the Supporting Information). Note that the mass spectrum of the photolyzed solution ( Figure 6A ), whose absorption spectrum does not extend above λ ≈ 350 ( Figure  1A) , is similar to that of the yellow solution produced after thermal treatment at 333 K for 3 days ( Figure 6B ) and also of the colorless solution obtained after rephotolysis for 1 h ( Figure  6C ). Further photolysis for 4.5 h, however, induces noticeable changes in the mass spectra ( Figures 6D) , but the mass spectrum of the yellow solution obtained by thermal treatment for 5.5 h is now very similar to that recorded immediately after prolonged photolysis ( Figure 6E) . These findings strikingly demonstrate that optical absorption spectra (color) are not correlated, in general, with the chemical compositions provided by ESI-MS of the corresponding solutions. Similar mass spectra are associated with colorless or yellow/brownish solutions, whereas solutions of different molecular compositions can be similarly tinted.
We also investigated whether high-molecular-weight products were generated in more dilute PA solutions. Figure 7A shows how the sum of negative ion mass spectral signal intensities, or total ion abundance, ΣI i , and average mass, 〈M〉, vary with PA initial concentration [PA] 0 . Interestingly, whereas ΣI i decreases, as expected, 〈M〉 increases at lower [PA] 0 , indicating the fact that higher mass products are produced from polymerization of simpler oligomers, rather than from PA itself, in PA-deficient solutions. Figure 7B shows how both parameters change in the various stages.
Discussion
General Considerations. Pyruvic acid, and other R-dicarbonyls that absorb solar λ > 300 nm radiation, are ubiquitous components of surface waters and the atmospheric aerosol. 83, 93 We chose PA as a surrogate for the light-absorbing species of the soluble OM present in atmospheric APs. The photolysis of PA at the micromolar concentrations prevalent in surface waters proceeds via unimolecular homolysis. 94 A transition from a unimolecular to a bimolecular process, however, is expected to occur above ∼10 mM PA, that is, under conditions where the triplet excited state 3 PA* becomes reactively quenched by PA itself (k Q ≈ 2 × 10 8 M -1 s -1 ) at rates competitive with its spontaneous decay (k decay ) 2 × 10 6 s -1 ) (Scheme 1A). 85, 95, 96 It should be realized that typical PA concentrations in atmospheric aerosols vastly exceed those in surface waters, and even more so should PA stand for the all R-dicarbonyls present, such as glyoxal and glyoxilic acid. For example, Kawamura et al. report [PA] /[SO 4 2-] > 1 × 10 -3 molar ratios in urban aerosols. 83, 97, 98 Assuming that the upper limit to the water content of aerosol droplets is determined by the deliquescence curve of ammonium bisulfate solutions, [99] [100] [101] [102] under 50% RH, aerosol should consist of droplets containing 0.6 g of H 2 O/g of SO 4 2-or >20 mM PA under highly acidic conditions.
103
Mechanism of Polymerization. We have previously shown that the λ g 305 nm photolysis of PA solutions yields a suite of polyfunctional oligomers via the radical polymerization mechanism shown in Scheme 1A,B. 85 The initiation involves photoinduced electron transfer between 3 PA* and ground-state PA to produce a bound radical-ion pair. 95, 104 The polymerization process is propagated by the addition of the isomeric radicals X · and Y · to PA and oligomer products, even in the presence of air because oxyl radicals Y · are not scavenged by O 2 . 105 The major TOC loss of the entire process ( Figure 5B (a) ) is associated with the fast decarboxylation of the primary acyloxyl radical CH 3 C(O)C(O)O · into the acetyl radical Z · , whose role as a terminating species incorporates a carbonyl chromophore into all oligomers. The prominent peak at m/z ) 177 in Figure  6A -C may correspond to the anion of the 178 Da neutral species resulting from the recombination of X · and Y · radicals. 85 According to this mechanism, the m/z ) 247 signals in Figure 6A -C correspond to anions of neutral species of mass 248 Da produced by recombination of C · and D · radicals (2 × 177 Da), followed by (2CO 2 + H 2 O) losses (-106 Da) into C 10 H 16 O 7 species that are nearly isobaric with C 9 H 12 O 8 . In principle, the molecular formulas of these species could be resolved by high-resolution mass spectrometry, and their structures could be identified by 1 H-and 13 C NMR analysis, 84 but the key point for present purposes is that they all consist of aliphatic carboxylic acids containing ether, alcohol, and carbonyl functionalities arranged on flexible molecular backbones. Figure  7A shows that higher mass oligomers are produced in the photolysis of more dilute PA solutions. Figure 7B shows how total negative ion abundance (eq 1) and average mass (eq 2) vary along thermal and photochemical treatments. Note that average mass 〈M〉 reaches 300 Da after the first thermal treatment and fluctuates between 250 and 330 Da throughout. Light Absorptivity. Color development in this and related systems arises from enhanced electronic coupling among the carbonyl chromophores embedded in polyfunctional oligomers. In our case, ultraviolet and visible absorptions are due to (n f π) CdO transitions localized or electronically coupled to other carbonyls or to the CdC moieties resulting from intramolecular dehydration of neighboring alcohol groups. 74, 106 Because the reversible color changes observed in our experiments upon photolysis/thermal cycles are not accompanied by TOC losses, covalent bonding changes should involve isomerization or condensation reactions such as activated alcohol dehydrations or intra-or intermolecular esterifications during the dark periods 71 and their reverse processes upon photobleaching. Couplings among chromophores may be intramolecular, via electron delocalization through covalent or hydrogen bonds, 75, 107 or through space, intra-or intermolecularly, 81, 108 or via excimer/ exciplex formation.
82,109 Molecular self-assembly through noncovalent interactions is a common phenomenon among polar polyfunctional molecules, such as those generated photochemically in this system. 53, [110] [111] [112] [113] van der Waals forces and, in particular, hydrogen bonding can hold together chromophores brought closer within supramolecular aggregates via translational and rotational diffusion or backbone folding. 48, 56, 61, 75 Thermal Kinetics. The results of Figure 2A on the kinetics of color development at different wavelengths during prolonged thermal treatment of photolyzed solutions provide incisive clues about the nature of the transformations involved. Note that (1) because all species absorb at short wavelengths, but only some extend their absorptions into the visible, absorptions at specific wavelengths cannot be obviously associated with particular species, (2) most absorptions, except those at λ J 650 nm, increase with nonzero initial slopes, as expected from first generation species, (3) only the shortest wavelength absorptions increase as single exponential growth functions,
, λ j 270 nm, whereas the rest evolve with stretched, or Kohlrausch kinetics, 89, 114, 115 and (4) rates increase markedly with temperature; that is, some of the processes involved in color development have sizable activation energies associated with the breaking and forming of covalent bonds. These observations indicate that the oligomers produced by photolysis already provide building blocks for aggregates. However, slow, thermally activated chemical reactions also produce new macromolecular species that participate in the later stages of the aggregation process. These new macromolecular species can be subsequently bleached but cannot be destroyed by simple dilution ( Figure 1A,B) . The range of electron delocalization among chromophores is thereby extended, and the long wavelength tails of the spectra are shifted to the red. The moieties absorbing above λ ≈ 650 nm have vanishing initial slopes, indicating that their production requires and is consecutive to the generation of novel precursors. The intriguing small amplitude absorbance oscillations of period τ ) 4.2 h observed in Figure 2B under anoxic conditions may signal the reversible thermal keto-enol isomerizations likely taking place in our system.
116,117
Fluorescence Emissions. Fluorescence emissions from these solutions display even more dramatic evidence of supramolecular interactions. Whereas the initial or photolyzed PA solutions display minimal fluorescence ( Figure S1 in the Supporting Information), their thermal treatment yields solutions that fluoresce strongly in the near UV and visible regions up to λ em ≈ 700 nm ( Figure 3A and Figure S2 in the Supporting Information). With few exceptions, fluorescence from a single chromophore in condensed phase originates from the lowest excited state, leading to emission spectra and fluorescence quantum yields that are independent of excitation wavelength, λ exc .
109 Figure 3A ,B shows that none of these outcomes is realized in this system, pointing to strongly interacting chromophores/fluorophores. Interactions may involve ground states to account for red-shifted absorption spectra and also excited states, given the linear increase of M λ em with λ exc (inset, Figure  3B) .
A significant observation is that emission spectra excited at λ exc J 400 nm are enveloped by the spectrum generated by λ exc ) 350 nm ( Figure 3A and Figure S2 in the Supporting Information), that is, that the fluorophores excited at longer wavelengths are a lower energy subset of those populated by λ exc ) 350 nm. This behavior evokes the fluorescence properties of natural fulvic acids reported by Del Vecchio and Blough 36 and can be rationalized by a scheme in which the initial excitation is transferred to a dense manifold of emitting states. Our system, however, differs from fulvic acids in two important aspects because: (1) emissions become less intense at λ exc e 350 nm and (2) the dramatic dilution effects shown in Figure  3C represent definitive evidence of intermolecular rather than intramolecular couplings/energy transfer. 109 The opposite dependences of the areas under excitation curves, that is, the total radiation absorbed that is reemitted at λ em ( Figure 4B ), to dilution above and below λ em ≈ 400 nm ( Figure 4C ), are also consistent with absorptions and emissions from supramolecular aggregates that can be disrupted by mere dilution.
In summary, the kinetics of color development in the dark (Figure 2A,B) and dilution effects on absorption ( Figures 1B  and 4C ) and fluorescence spectra ( Figure 3C ) provide direct evidence of: (1) typical polar, polyfunctional macromolecules of moderate complexity aggregate spontaneously, (2) isolated chromophores-in-macromolecules become electronically coupled in these aggregates, thereby absorbing more intensely and at longer wavelengths; that is, visible absorptions may be generated in the dark from colorless species, 37 and (3) long-wavelength absorptions can be instantly removed by mere dilution, and protractedly by photobleaching. Below we analyze the potential implications of these results on the optical properties of the organic aerosol and whether some of these phenomena have been actually observed in the field.
Environmental Implications. In the fourth assessment report of the Intergovernmental Panel on Climate Change (IPCC), the effect on climate of APs was estimated to be ∼20% of that of greenhouse gases. 2 Aerosols are generally considered to have a cooling effect, which would partially mitigate global warming, because they mainly scatter incoming solar radiation by increasing the albedo at the top of the atmosphere (TOA). Actual effects are far more complex, and comprise direct effects via radiation scattering and absorption, indirect effects via cloud nucleation, and semidirect effects on atmospheric temperature profiles, moisture fluxes, and convection. 7, 18 Recent models emphasize the sensitivity of cloud properties and the persistence of mountain glaciers to the aerosol single-scattering albedo: SSA ) σ S /(σ S + σ A ) (σ S and σ A are the aerosol scattering and absorption coefficients). 18 The semidirect effects introduce additional feedback mainly through σ A . The warming of the atmosphere above 2 km altitude due to absorption of visible radiation by the aerosol tends to inhibit cloudiness and cause the irreversible melting of the snowcaps that supply the major rivers that sustain agriculture in the most populated regions of the world. 7 The SSA dependences on wavelength and RH are the key factors that determine the radiative effects of the aerosol. Hygroscopic APs swell at higher RH, thereby increasing σ S . 65 State-of-the art models evaluate the absorptivity of the aerosol by assuming linear additivity of volume-weighted absorptivities of internally mixed components. 18 In other words, σ A is assumed to be a linearly decreasing function of the water content of the aerosol. Our results clearly suggest otherwise. At low RH, the aerosol may absorb more visible radiation than expected from this simple assumption, thereby providing an extra positive feedback to semidirect effects on cloud dissipation.
There is evidence of daily (dark and light) cycles for σ S and σ A of the aerosol over Mexico City under conditions where total carbon concentrations in <1 µm aerosol samples remained relatively constant at (15 ( 5) µg m -3 during measurements (from March 10 to March 29). 33 Absorption represented a substantial fraction of the aerosol refractive index, with SSA values ranging from 0.35 to 0.90. σ A values peak early in the morning (at ∼6:00 local time) and reach minima after noon (∼13:00 local time), that is, under conditions of maximum photochemical processing, whereas σ S values peak ∼4 h later. We interpret these observations as confirmation that σ A increases at nighttime because of dark reactions in the aerosol phase and decreases because of photobleaching under insolation. Particle size, which reflects aerosol production and largely affects σ S , has a different daily cycle.
Conclusions
Our study highlights the key role that condensed-phase organic photochemistry plays in aerosol science. It also shows that solutions of polar, polyfunctional, chromophoric oligomers, such as those found in natural HULIS, aggregate into supramolecular complexes that display red-shifted absorption and fluorescence spectra. Supramolecular complexes absorb and emit more intensely and over a wider spectral range than a system of noninteracting oligomer blocks. The optical absorptivity of supramolecular aggregates depends nonlinearly on dilution and can be readily photobleached. These phenomena are deemed to be particularly relevant to the modeling of the optical properties of atmospheric aerosols.
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